We report the synchronized measurements of terahertz wave generation and high-harmonic generation from aligned nitrogen molecules in dual-color laser fields. Both yields are found to be alignment dependent, showing the importance of molecular structures in the generation processes. By calibrating the angular ionization rates with the terahertz yields, we present a new way of retrieving the angular differential photoionization cross section (PICS) from the harmonic signals which avoids specific model calculations or separate measurements of the alignment-dependent ionization rates. The measured PICS is found to be consistent with theoretical predications, although some discrepancies exist. This all-optical method provides a new alternative for investigating molecular structures. DOI: 10.1103/PhysRevLett.115.123002 PACS numbers: 33.20.Xx, 33.80.Eh, 37.10.Vz, 42.65.Ky The recent development of coherent table-top sources of terahertz (THz) waves and soft x rays delivers a much more comprehensive insight and control on ultrafast dynamics in matter [1] [2] [3] [4] . Synchronizing terahertz wave generation (TWG) with high-harmonic generation (HHG) has presented a new opportunity for peering into the complete electron dynamics in intense laser fields, with time scales spanning 6 orders of magnitudes. A unified picture of TWG and HHG has been drawn. Briefly, liberated electrons from atoms or molecules accumulate energy and may revisit the parent core in the oscillating fields. The recolliding electrons emit high-order harmonics upon recombination [5] , while the direct escaping and the forward rescattering electrons contribute to TWG [6, 7] .
The recent development of coherent table-top sources of terahertz (THz) waves and soft x rays delivers a much more comprehensive insight and control on ultrafast dynamics in matter [1] [2] [3] [4] . Synchronizing terahertz wave generation (TWG) with high-harmonic generation (HHG) has presented a new opportunity for peering into the complete electron dynamics in intense laser fields, with time scales spanning 6 orders of magnitudes. A unified picture of TWG and HHG has been drawn. Briefly, liberated electrons from atoms or molecules accumulate energy and may revisit the parent core in the oscillating fields. The recolliding electrons emit high-order harmonics upon recombination [5] , while the direct escaping and the forward rescattering electrons contribute to TWG [6, 7] .
However, on aligned molecules, direct comparisons between TWG and HHG have not yet been conducted. The alignment-dependent HHG has been proved valuable in uncovering many aspects of molecular properties, as demonstrated in the tomography imaging of orbitals [8] [9] [10] [11] [12] [13] [14] [15] and the studies on collective electron response [16] [17] [18] and nuclear motion [19] [20] [21] . It is known from the quantitative rescattering (QRS) theory that the third step of HHG can be viewed as the inverse process of photoionization based on the principle of detailed balance [22] . Therefore, the angular differential photoionization cross section (PICS) can be constructed from HHG to obtain the information of the molecular structure [23] . But these investigations usually rely on specific calculations or separate measurements of the alignment-dependent ionization rates (AIRs). On one hand, the theoretical predictions, based on the molecular strong field approximation [24] or the molecular Ammosov-Delone-Krainov theory (MO-ADK) [25] , show discrepancies from the experimental AIR results quantitatively (N 2 and O 2 ) or even qualitatively (CO 2 ) [26, 27] . On the other hand, it is a challenge to simultaneously obtain the harmonic yields and the ionization rates, since HHG requires high particle density (∼10 17 cm −3 ), far beyond the limitation of typical ionization detection. Given the ionization dependence of TWG [28] , it is thus desired using TWG to map the AIRs and to calibrate the HHG in one single experiment instead of separated detections of ions or electrons in completely different experimental conditions. Specifically, terahertz waves can be coherently detected with a high signal to noise ratio [29] [30] [31] .
In this Letter, we perform joint measurements on angular TWG and HHG from aligned nitrogen molecules to give much more reliable and complete descriptions of molecular structures. To our knowledge, it is the first time that alignment-dependent TWG has been determined from molecules in dual-color laser fields, which confirms the importance of molecular orbital in radiating terahertz waves. By assuming that the terahertz wave amplitude is proportional to the ionization rate for a given alignment, we present a new all-optical method to determine the PICSs of molecules from joint measurements. Great consistency is found between the theoretical predictions and experimental results for interested harmonics, in terms of the fundamental shapes and alignment angles of the minimum. The quantitative discrepancies still exist, however, which requires further investigation, including such things as multielectron effects.
The experimental setup consists of a 790 nm, 25 fs, 1.5 mJ, 1 kHz Ti∶sapphire laser system and vacuum chambers for generating and detecting HHG and terahertz, as shown in Fig. 1 . The output beam is split into three pulses for molecule alignment, terahertz wave and highharmonic generation and terahertz detection, respectively. The generation pulse passes through a 30 μm β-Barium Borate crystal to produce its second harmonic. The group velocity dispersion of the dual-color field is compensated for by a calcite plate, and their polarizations are rotated to be parallel with a dual wavelength wave plate followed by a pair of fused silica wedges to precisely adjust the relative phase between the dual-color field. Delay line 1 (DL1) is introduced to control the time delay between the alignment pulse and the generation pulse. A rotatable half wave plate (WP1) is inserted to adjust the alignment angle. A beam shutter is also placed to turn the alignment pulse on or off. The generation pulse and alignment pulse are focused ∼0.2 mm below and 2 mm before the orifice of the continuous nozzle (0.2 mm in diameter), which generates a supersonic expansion with 1 bar backing pressure. The intensity of the alignment and the generation pulse is about 0.7 × 10 14 W=cm 2 and 1.5 × 10 14 W=cm 2 , respectively. The terahertz detection pulse and the TWG are collinearly focused through a 1 mm thick (110)-cut ZnTe crystal for electro-optic sampling (EOS) the terahertz waveform by varying delay line 2. The harmonics pass through a holedrilled off-axis parabolic mirror (PM1) and are simultaneously recorded by a homemade x-ray spectrometer containing a flat field grating (Hitachi) and a CCD camera (Princeton Instruments). The maximum terahertz field strength is estimated to be 35 V=cm.
In the experiment, we kept the cutoff at the 25th harmonic order in order to avoid the contributions from the lower lying orbitals mentioned in Refs. [13, 32] . Limited to the size of the CCD camera, we recorded only the harmonics from the 21st to the 25th order. The two-color pulses are used to efficiently generate terahertz waves [33] , and their relative phase was optimized by maximizing the terahertz yields. We observed that the normalized alignment dependence of odd harmonics shows no significant change when varying the relative phase between dual-color fields, while the situation on the yields of even harmonics was much more complicated. In this Letter, we focus on the results of odd harmonics and TWG.
The HHG and the TWG are recorded at different time delays around the half-revival moment (∼4.1 ps) of nitrogen molecules, as shown in Fig. 2 . The alignment and generation pulses are parallel to each other in polarization. We use a supersonic gas jet to deliver pure nitrogen molecules and to minimize the plasma effect, which is different from previous experiments conducted in the air [28, 34, 35] . To estimate the degrees of alignment, we compute the rotational wave packet of nitrogen molecules [36, 37] . The simulation parameters are estimated from our experiment conditions and are fine adjusted to best fit the experimental data with the least squares method. The most suitable rotational temperature is 100 K AE 5 K and the maximum of hcos 2 θi is about 0.6. The wave packet of the nitrogen has been sketched in Fig. 2 at alignment and antialignment moments. We can observe significant modulations of both the terahertz and harmonic signals with the evolution of the rotational wave packet. Both signals are the relative yields from the aligned molecules to the random ones achieved by opening or closing the shutter.
The inset of Fig. 2 shows the typical terahertz waveforms detected by the EOS technique at different time delays. It can be seen that the peak terahertz amplitude in the case of alignment is much larger than that of antialignment, while that from unaligned molecules is in the middle.
After tracing the evolution of HHG and TWG, the rotational wave packet of nitrogen can be reconstructed at any time delay. Then we keep the polarization of the generation pulse fixed and rotate the WP1 to acquire the alignment-dependent TWG and HHG. In Fig. 3 the angular distributions of terahertz and the 23rd harmonic yields from experiments at the alignment and antialignment moments. In fact, the measured signal Mðα 0 ; t D Þ at the time delay t D (DL1) is a convolution of the single molecule response SðθÞ with the alignment distribution ρðθ 0 ; t D Þ [26] . Here, we have assumed that the measured signals are the incoherent sum of the single molecular yields from all solid angles [38] ,
The variable θ is the angle between the polarization axis of the generation pulse and the internuclear axis. The variable θ 0 (φ 0 ) is the polar (azimuthal) angle in the frame about the polarization axis of the aligning pulse. α 0 represents the angle between the polarization axis of the alignment and the generation pulse. We use the primed notations for the laboratory frame and the unprimed notations for the molecular frame. In order to obtain the alignmentdependent terahertz and harmonic yields in the molecular frame, deconvolution can be performed from the measurements at either the alignment or the antialignment moment by expanding SðθÞ in Legrand polynomials [26] . As the advantage of the present joint measurements, both the terahertz and harmonic yields as functions of the alignment angle can be retrieved simultaneously, as shown in the right column of Fig. 3 . Based on the error propagation analysis, the relative standard deviations are found to be 3.2% and 5.9% for HHG and TWG, respectively.
For comparison, we also present the calculated angular ionization probabilities based on the MO-ADK theory using the same laser intensity [25] . The similar shapes imply that the alignment dependence of ionization rates, the terahertz yields, and harmonic yields are all closely associated with the electronic structure of HOMO. The joint measurements of TWG and HHG allow us to obtain the PICS at different harmonic orders without prior knowledge of alignment dependence of the ionization rate, as demonstrated below.
According to the residual current model [28, 39] for terahertz generation in a dual-color field, the amplitude of a TWG field can be written as
where J represents the directional current, e is the electron charge, v d ðtÞ represents the drift velocity of an electron born at t, and N represents the quantity of an ionized electron at t. The drift velocity is dominantly affected by the combined Coulomb field and the laser fields. By fixing the delay between the dual-color fields, the angular terahertz amplitude is proportional to the time-integrated AIR. Therefore, the angular TWG is capable of describing the angular ionization properties in aligned molecules, which gives a more comprehensive picture of the generating mechanism. This method exhibits the convenience of acquiring sufficient information about the strong field process without changing the experiment conditions, such as laser intensity or gas density. The angular harmonic intensity Iðω; θÞ is given by [22] Iðω; θÞ ∝ ω 4 D 2 ðω; θÞ; ð3Þ with Dðω; θÞ ¼ WðωÞdðω; θÞNðθÞ 1=2 . Here, WðωÞ is the microscopic wave packet and dðω; θÞ is the recombination dipole moment proportional to the square root of the PICS. By treating the AIR as the angular terahertz amplitude [28] , Eq. (3) can be rewritten as follows:
On the right side of Eq. (4), the first two items, only associated with the frequency of harmonics, can be neglected when comparing the alignment dependence of a particular harmonic order. Therefore, the amplitude of angular PICS can be expressed by using the deconvolution results from the experiments, σ PICS ðω; θÞ ∝ I HHG ðω; θÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi I THz ðθÞ p : ð5Þ
In Fig. 4 , we show the deduced PICS of different harmonics from the measurements, using Eq. (5). We emphasize that the harmonic cutoff is the 25th harmonic order, and the electrons from HOMO dominate the process of HHG. The experimental results are compared to the theoretical differential PICS from the HOMO of nitrogen molecules [18] , which exhibits good consistency, in general. From the 21st to the 25th harmonic order, the alignment angle of the PICS's minimum is gradually shifting to larger angles, which is observed in both experimental and theoretical results.
The minimums reflect the sign changes of the transition dipole matrix element around the corresponding angles which are closely associated with molecular structures. Assuming that only the HOMO orbital is involved, the minimum can be considered as the two-center destructive interference of the transitions from the individual atoms [40] . However, in term of the linear combination of atomic orbitals, the coefficients in the HOMO of N 2 for the s component are in phase, while those for the p z component are out of phase. Therefore, the phase difference of the two paths of recombination are complicated with additional phase shift Δϕ, depending on the relative amplitudes into either s or p z orbitals [41] . Roughly, the angle at the minimum can be determined by the destructive interference condition as kR cos θ ¼ π − Δϕ, where k is the wave number of the electron wave at a given harmonic order, R is the internuclear distance, and θ is the alignment angle. Since Δϕ varies little from the 21st to the 25th harmonic, the angle at minimum is increased as k is increasing, qualitatively in agreement with the experimental observation and the numerical calculation [18] . It thus implies that the accurate retrieval of the differential PICS is a must for a better description of the molecular orbital.
We note that there still exist some discrepancies between the experimentally deduced and the theoretically calculated PICS around and beyond the angles at the minimum. Taking the 25th harmonic as an example, the PICS retrieved from the experiment is lower than the theoretical calculation from 30 to 90 degrees. Recently, the theoretical investigation of TWG from molecules showed that the alignment dependence does not strictly follow the square of the AIR [42] ; however, the differences are too small to interpret the pronounced suppression. As was mentioned previously, the direct ionization of the lower orbitals can be ruled out in this work because of the applied low laser intensity. But, as indicated in Refs. [43] [44] [45] , the multielectron effects could still contribute through dynamical core polarization and distortion of the HOMO orbitals during the interaction of N 2 molecules with the laser field. It means that HOMO-1 could contribute to HHG through antiscreening the HOMO electrons, especially when the field is perpendicular to the molecular axis. This explains why the discrepancies are small when the fields are parallel to the molecular axis, while they are pronounced at the perpendicular alignment. In order to verify this claim, different wavelengths might be used to explore the dynamic polarization effects. The other possible reason is that the single electron approximation is used in the theoretical calculation of the PICS from the HOMO [46] . It is known that single configuration Hartree-Fock theory fails to obtain the correct ordering of the HOMO-1 and HOMO of nitrogen molecules.
In summary, we demonstrate the synchronized measurements on TWG and HHG from aligned N 2 molecules. In contrast to previous experiments that used HHG to gauge terahertz generation [6] , here we use terahertz generation to calibrate the ionization process in HHG and obtain the angular differential PICS through the deconvolution of harmonic signals. This new approach saves separate measurements of ionization rates and takes advantage of coherent terahertz wave detection, and therefore gives more reliable results, as indicated in the clearly resolved minimum of the PICS. Qualitative agreement with theoretical calculations is reached, although quantitative discrepancies exist around and beyond the angles where harmonic yields take the minimum. We suggest that further theoretical and experiment investigations should consider multielectron effects involved in HHG from aligned nitrogen molecules. We also expect that TWG will be further exploited to better characterize ionization, as well as HHG of other molecules. 
